Cdc5 activation and inactivation
Cdc5 starts to be expressed in S-phase and its protein levels remain high until the end of cell division Cheng et al. 1998; Shirayama et al. 1998 ). Cdc5's protein kinase activity depends on phosphorylation by cyclin-dependent kinase 1 (Cdk1), a master regulator of cell cycle control (Benanti 2016; Bloom and Cross 2007; Mortensen et al. 2005) . Cdc5 contains one strict Cdk1 consensus site (S/T-P-X-K/R) and four minimal sites (S/T-P). Of these sites, mutating the minimal site T242 rendered cells inviable (Mortensen et al. 2005) . Indeed, cdc5-T242A has no kinase activity, indicating that Cdk1-dependent phosphorylation of T242 is required for Cdc5 kinase activity. An additional Cdk1-dependent phosphorylation site, T70, is required for activation of the mitotic exit network (Rodriguez-Rodriguez et al. 2016 ). Cdc5 contains a conserved phosphorylation site, T238, which is phosphorylated by Aurora A in human cells (Macurek et al. 2008; Rawal et al. 2016; Seki et al. 2008) . Phosphorylation at this site in budding yeast is not essential for cell viability; however, cdc5-T238A has reduced kinase activity and DNA damage checkpoint adaptation defects, as discussed later in this review (Rawal et al. 2016; Rodriguez-Rodriguez et al. 2016) . The kinase activity of Cdc5 remains high throughout mitosis (Cheng et al. 1998) .
After mitosis and cytokinesis have been completed, the Anaphase Promoting Complex (APC) subunit Cdh1 targets Cdc5 for proteasome-mediated degradation Cheng et al. 1998; Shirayama et al. 1998) . Cdc5 has three known degron sequences in its N-terminus ( Fig. 1 ) (Arnold et al. 2015; Charles et al. 1998; Shirayama et al. 1998 ). Ablation of a KEN destruction box (Pfleger and Kirschner 2000) results in much more robust stabilization of Cdc5 in G1 than mutating the two evolutionarily conserved DB destruction boxes (Arnold et al. 2015) .
Functions of Cdc5 during mitosis
Cdc5 performs a vast variety of functions in mitosis (Fig. 2) . Biochemical studies have identified hundreds of Cdc5 substrates, many of which remain to be fully characterized (Snead et al. 2007 ). Inactivation of Cdc5 results in a large-budded telophase arrest Hartwell et al. 1973; Jaspersen et al. 1998) , suggesting that the only essential functions of Cdc5 occur later during cell division. Below, we summarize the known functions of Cdc5 during the different mitotic stages.
Mitotic entry
Cdc5 promotes timely mitotic entry (Nakashima et al. 2008; Sakchaisri et al. 2004 ), acting as a negative regulator of the Swe1 protein kinase and as a positive regulator of cyclin Clb2 expression (Fig. 2a) . Before mitosis, the phosphorylation of Cdk1 on tyrosine 19 by the kinase Swe1 (budding yeast WEE1 homolog) prevents Cdk1 from interacting specifically with Clb2 but not with the G1 cyclins Cln1-3 or S-phase cyclins Clb5 and Clb6 (Booher et al. 1993; Hu et al. 2008) . In G2, the protein kinase Hsl1 and its associating protein Hsl7 help recruit Swe1 and Cdc5 to the bud neck Sakchaisri et al. 2004 ). Cdc5 phosphorylates Swe1, targeting it for ubiquitin-mediated degradation . At least two other kinases, Cdk1 and the PAK homolog Cla4, also phosphorylate Swe1 to target it for degradation (Sakchaisri et al. 2004; Sia et al. 1998) . The phosphatase Mih1 subsequently dephosphorylates Cdk1 on Y19, allowing it to interact with Clb2 and drive mitosis (Russell et al. 1989; Sia et al. 1996) .
Cdc5 also promotes mitotic entry by acting within the nucleus, and nuclear exclusion of Cdc5 in G2/M results in delayed mitotic entry (Botchkarev et al. 2014; Nakashima et al. 2008 Fig. 1 Key motifs found inside Cdc5. Cdc5 consists of a kinase domain in its N-terminal half, and a polo-box domain (PBD) towards its C-terminus. The destruction sequences (two Destruction Boxes and a KEN motif), which are recognized by APC Cdh1 for proteasomemediated degradation in G1 phase, lie in the N-terminus. The Cdc5 kinase domain, through which Cdc5 phosphorylates its substrates, contains a nuclear localization signal. Residue T242 is phosphorylated by Cdk1, which is required for the kinase activity of Cdc5. Phosphorylation of T238 is required for full kinase activity and for recruitment of Cdc5 to SPBs after DNA damage. The L251W mutation is found in the adaptation-defective cdc5-ad allele. The polo box domain (PBD), made up of two polo boxes, is required for Cdc5 binding to its substrates. Mutating W517/V518/L530 to F/A/A (cdc5-FAA) prevents Cdc5 from localizing to its substrates and is lethal (Song et al. 2000) . The cdc5-16 (W517F H641A K643M) PBD mutant cannot bind to substrates that have undergone a priming phosphorylation event; however, this mutant still allows for cell viability (Darieva et al. 2006) . Thus, it is probable that nuclear import of Cdc5 is required for mitotic entry by regulating the expression of Clb2.
Maintenance of shape of mitotic nucleus
Very interesting recent work revealed that Cdc5 plays a role in regulating the shape of the nucleus during mitosis (Walters et al. 2014 ). Nuclei of medium-budded cells undergo a space-restricted nuclear envelope expansion in the vicinity of the nucleolus resulting in the formation of "flares." Cdc5 was identified as one of the four proteins, alongside Fas1, Fas2, and Acc1, to be required for this expansion of the nuclear envelope. A cdc5 mutant, cdc5-nf, is specifically defective in forming nuclear flares at 34 °C but does not appear to have any other mitotic defects. , which is down-regulated by Esp1 once the spindle assembly checkpoint (SAC) (Wang et al. 2014 ) has been satisfied. Esp1 cleaves phosphorylated Scc1, allowing sister chromatid separation. c Mitotic exit in budding yeast is driven by Cdc14 phosphatase, which antagonizes Cdk1 activity. Prior to anaphase, Cdc14 is sequestered in the nucleolus, spatially separated from its nuclear and cytoplasmic substrates, by anchoring protein Net1/Cfi1. In early anaphase, phosphorylation of Net1/Cfi1 by Cdk1 and Cdc5 triggers the release of Cdc14 to the nucleus (FEAR). FEAR is also controlled by other components including Esp1, Slk19, and Spo12. The second mitotic exit pathway, the MEN, is triggered in the cytoplasm by the Tem1 GTPase, which is negatively regulated by the Bfa1/Bub2 GAP and positively regulated by the Lte1 GEF. When Cdc14 is released from the nucleus by FEAR, it triggers the release of Cdc5 from the nucleus to the cytoplasm. In the cytoplasm, Cdc5 activates the MEN by phosphorylating the Bfa1/Bub2 and Cdc15. MEN promotes the release of Cdc14 from the nucleus to the cytoplasm, further driving mitotic exit. d Cdc5 controls multiple aspects of cytokinesis. Cdc5 phosphorylates Rho1 GEFs Tus1 and Rom2, which promotes contractile actin ring (CAR) assembly. Cdc5 promotes the recruitment of F-BAR protein Hof1 to the bud neck to trigger CAR contraction. Cdc5 also promotes cell separation by inhibiting Cdc42 and regulates the cell size at the bud neck by preventing Sec4 from interacting with its effector protein Sec15
Because other known cdc5 temperature-sensitive mutants, as well as auxin-inducible degradation of Cdc5, fail to form these nuclear envelope flares during nocodazole arrest, it is likely that Cdc5 kinase activity is required for nuclear flare formation.
Cohesin ring cleavage
A key nuclear function of Cdc5 is to promote the efficient cleavage of the cohesin ring subunit Scc1 by the Esp1 protease (separase) (Fig. 2b) (Alexandru et al. 2001; Ciosk et al. 1998; Hornig and Uhlmann 2004) . Through metaphase, sister chromatids are held together by the cohesin ring, which is composed of the subunits Scc1/Mcd1, Scc3, Smc1, and Smc3 (Gruber et al. 2003) . When the mitotic spindle microtubules capture all of the sister chromatids by their kinetochores, spindle assembly checkpoint proteins activate the APC subunit Cdc20, an E3 ligase whose function is required for anaphase onset (Hoyt et al. 1991; Hwang et al. 1998 ). Among other substrates, Cdc20 targets Pds1 (securin) for degradation (CohenFix et al. 1996; Visintin et al. 1997) , allowing Esp1 to cleave Scc1 and allow sister chromatids to segregate faithfully to the two daughter cells in anaphase (Uhlmann et al. 1999) .
During mitosis, Cdc5 binds to chromatin in the cohesinassociated regions (Mishra et al. 2016; Rossio et al. 2010 ). Cdc5 phosphorylates specifically chromatin-bound Scc1 on ten residues (Alexandru et al. 2001; Hornig and Uhlmann 2004) . Cdc5-phosphorylated Scc1 can be dephosphorylated by the protein phosphatase 2A (PP2A) regulatory subunit B Cdc55 (Yaakov et al. 2012) . Since PP2A
Cdc55 is inhibited by Esp1 in anaphase, it is likely that PP2A Cdc55 down-modulates the Cdc5-dependent phosphorylation level of Scc1 until anaphase onset to prevent precocious Scc1 cleavage by low levels of Esp1 activity prior to anaphase (Fig. 2b) (Yaakov et al. 2012) . At the metaphase-to-anaphase transition, Cdc5 is required to remove cohesin from chromatin, which is important for faithful chromosome segregation, since cells expressing the cdc5-99 mutant, which is defective in mitotic exit, maintain cohesin on chromatin in anaphase and have chromosome segregation defects (Mishra et al. 2016 ). In line with this, it was recently reported that a different point mutant of Cdc5, cdc5-T238A, has an increased chromosome loss rate and that Cdc5 acts in parallel with Sgs1 to maintain genome integrity (Rawal et al. 2016) . Cdc5 also helps maintain genome integrity during mitosis by contributing to the degradation of the DNA replication firing factor Sld2 (Reusswig et al. 2016) .
Mitotic exit
In anaphase, Cdc5 triggers two branches of the mitotic exit cascade-Cdc fourteen early anaphase release (FEAR) and the mitotic exit network (MEN) (Fig. 2c) (Stegmeier and Amon 2004) . The main goal of both pathways is the nucleolar release and activation of Cdc14, an essential phosphatase in budding yeast, which drives mitotic exit in part by inactivating Cdk1 and dephosphorylating Cdk1 substrates (Machin et al. 2016; Stegmeier and Amon 2004; Wurzenberger and Gerlich 2011) . From G1 phase through metaphase, Cdc14 is kept sequestered in the nucleolus by the anchoring protein Net1, also known as Cfi1 (Shou et al. 1999; Visintin et al. 1999) . By keeping Cdc14 in the nucleolus, Cfi1/Net1 prevents Cdc14 from accessing its substrates in the nucleus and in the cytoplasm. At anaphase onset, as a result of the FEAR network, which is controlled by many components including Esp1, Slk19, Spo12, PP2A Cdc55 (D'Amours and Amon 2004; Queralt et al. 2006; Stegmeier et al. 2002; Tomson et al. 2009 ), Net1 becomes phosphorylated by Cdk1 and Cdc5 (Fig. 2c) (Azzam et al. 2004; Rodriguez-Rodriguez et al. 2016; Shou et al. 2002; Yoshida and Toh-e 2002) . This phosphorylation event liberates Cdc14 from Net1. Cdc5 physically interacts with FEAR network proteins Esp1 and Slk19, as well as with Cdc14 (Rahal and Amon 2008; Stegmeier et al. 2002) . The RSC chromatinremodeling complex accessory subunit Rsc2 is also required for Net1 phosphorylation and physically interacts with the PBD of Cdc5, suggesting that Rsc2 can promote Cdc5 activity towards Net1 (Rossio et al. 2010 ). However, it has been argued that Cdc5, instead of directly phosphorylating Net1, primarily functions in FEAR by stimulating degradation of the Cdk1-inhibitory kinase Swe1 (Liang et al. 2009 ). Thus, although the molecular mechanism of Cdc5 involvement in FEAR has been debated, it is well accepted that Cdc5 is important for Cdc14 activation.
When Cdc14 is released from Cfi1/Net1-dependent anchoring in the nucleolus, it can gain access to its substrates in the nucleus and cytoplasm to promote mitotic exit. Cdc5 also promotes chromosome condensation in anaphase by targeting condensin components Brn1, Ycg1, and Ycs4 (St-Pierre et al. 2009 ), and mitotic spindle elongation (Park et al. 2008; Roccuzzo et al. 2015) . It was recently shown that Cdc5 targets Sfi1, a component of the yeast centrosomes or spindle pole bodies (SPBs) (Jaspersen and Winey 2004) , to prevent untimely SPB duplication until the daughter cells segregated the nuclei and exited from mitosis (Elserafy et al. 2014) .
In late anaphase, Cdc5 targets the Bfa1/Bub2 GTPaseactivating protein (GAP) complex on the cytoplasmic surface of daughter-facing SPB (Geymonat et al. 2003; Gruneberg et al. 2000; Gryaznova et al. 2016; Hu et al. 2001; Pereira et al. 2000) . This phosphorylation event is important for activation of the second mitotic exit cascade, the MEN. The MEN is controlled by the activation status of the Tem1 GTPase (Bardin and Amon 2001; Lee et al. 2001; Shirayama et al. 1994 ). Prior to anaphase, Tem1 is kept inactive by the Bfa1/Bub2 GAP complex (Geymonat et al. 2002; Pereira et al. 2000) . When the spindle is correctly oriented and the cell is ready to exit from mitosis, Cdc5 phosphorylates Bfa1 on the cytoplasmic surface of daughter-facing SPB, a modification that is required and sufficient to inactivate the Bfa1/Bub2 (Geymonat et al. 2003; Gruneberg et al. 2000; Gryaznova et al. 2016; Hu et al. 2001; Pereira et al. 2000) . Tem1, no longer under influence of Bfa1/Bub2 GAP activity, becomes activated by the Lte1 guanine exchange factor (GEF) in the daughter cell (Bardin et al. 2000; Pereira et al. 2000) . This activation allows Tem1 to trigger the MEN through its substrate Cdc15 kinase (Asakawa et al. 2001; Jaspersen et al. 1998; Shirayama et al. 1994; Visintin and Amon 2001) . Cdc5 phosphorylates Bfa1 on four additional residues to maintain Bfa1 localization to the daughter SPB and away from the mother SPB in anaphase (Kim et al. 2012 ). Cdc5 also directly phosphorylates Cdc15 independently of Tem1 GTPase activity (Rock and Amon 2011) . Thus, Cdc5 targets both Bfa1 and Cdc15 to activate MEN.
Cytokinesis
Cdc5 controls multiple events that contribute to cytokinesis (Fig. 2d) . Contractile actin ring (CAR) assembly is a hallmark of cytokinesis in yeast and mammalian cells (Wloka and Bi 2012) . The Rho1 GTPase regulates CAR assembly in yeast (Tolliday et al. 2002) . Cdc5 promotes CAR assembly by phosphorylating the Rho1 GEFs Tus1 and Rom2, thereby targeting their localization to the bud neck (Yoshida et al. 2006 ). Phosphorylation of Tus1 and Rom2 by Cdc5 is required for CAR assembly and for activation of Rho1 at the bud neck (Yoshida et al. 2006) . Additionally, Cdc5 inhibits activity of the Cdc42 GTPase, likely via interaction with the Cdc42 GAPs Bem2 and Bem3 (Atkins et al. 2013) . This inhibition of Cdc42 is required for cytokinesis and cell separation. Cdc5 also promotes recruitment of the F-BAR protein Hof1 to the actomyosin ring, where Hof1 in turn promotes actomyosin ring contraction and membrane ingression (Meitinger et al. 2011) . Cdc5 also phosphorylates Sec4 at the bud neck during cytokinesis, which blocks Sec4 interaction with its downstream effector Sec15 and prevents the addition of new plasma membrane to the bud neck, thus regulating cell size at the bud neck (Lepore et al. 2016 ).
Regulation of Cdc5 localization during the cell cycle
It is remarkable that a single Cdc5 protein can know where to target each of its substrates in a timely manner to promote mitotic progression. One important mechanism through which Cdc5 binds to many of its substrates is via priming phosphorylation as reviewed elsewhere (Lee et al. 2005) . Another key layer of Cdc5 regulation lies in its ability to change localization during the cell cycle ( Fig. 3; Table 1 ).
Cdc5 localization during the cell cycle was first reported by Cheng et al. 1998; Shirayama et al. 1998; Song et al. 2000) . Cdc5 accumulates in the nucleus in G2-phase and remains strongly nuclear through early anaphase. Analysis of the Cdc5 amino acid sequence revealed two putative nuclear localization signal (NLS) motifs:
58 KKKR and 171 KRRK; however, only mutation of the latter resulted in de-localization of Cdc5 from the nucleus (Nakashima et al. 2008) . This Cdc5 NLS is conserved among Polo kinases (Nakashima et al. 2008) . Nuclear import of Cdc5 is regulated by TORC1, PP2A catalytic subunits Pph21/22, and karyopherin complex subunits Srp1 and Kap95 (Nakashima et al. 2008 ). This nuclear import of Cdc5 is important for mitotic entry (Botchkarev et al. 2014; Nakashima et al. 2008 ). Cdc5 gets released back from the nucleus to the cytoplasm in late anaphase in a Cdc14-dependent manner (Botchkarev et al. 2014) . Blocking nuclear release of Cdc5 in anaphase results in defects in mitotic exit (Botchkarev et al. 2014) . The mechanism through which Cdc14 triggers the release of Cdc5 from the nucleus in anaphase is still unclear, and a nuclear export sequence (NES) within Cdc5 remains to be defined. It has
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S G2/M Early Ana. Late Ana. Fig. 3 Cdc5 localization during the cell cycle. Cdc5 starts to accumulate at the SPB in S-phase. Following SPB duplication, in G2, Cdc5 accumulates in the nucleus and decorates the nuclear surface of SPBs. Cdc5 remains in the nucleus and at both SPBs in early anaphase. Later in anaphase, Cdc5 is released from the nucleus to the cytoplasm. In late anaphase, Cdc5 localizes strongly at the cytoplasmic side of the daughter SPB, and weakly at the mother SPB, as well as at the bud neck. After cytokinesis is complete, Cdc5 gets targeted by APC Cdh1 for degradation in G1 of the following cell cycle been reported that the nuclear Cdc7-Dbf4 protein complex, whose function is required for the regulation of DNA replication (Sclafani 2000) , physically interacts with Cdc5 and thereby prevents Cdc5-dependent MEN activation prior to anaphase (Chen and Weinreich 2010; Miller et al. 2009 ). Cdc5 also undergoes change in localization at the SPBs during the cell cycle. Cdc5 starts to localize at the SPB in S-phase, when there is only one SPB present in the cell (Botchkarev et al. 2014; Lee et al. 2005) . Following SPB duplication in G2-phase, Cdc5 localizes to the nuclear surface of both mother-facing and daughter-facing SPBs (mSPB and dSPB, respectively) (Botchkarev et al. 2017) . Indeed, in G2/M, Cdc5 can bind to nuclear SPB component Spc110 and kinetochore proteins Slk19, Cse4, and Tid3 (Rahal and Amon 2008; Snead et al. 2007 ). Likewise, blocking nuclear import of Cdc5 in karyopherin mutants srp1-35 and kap95-14 prevented the localization of Cdc5 to the SPBs at least in small-and medium-budded cells (Nakashima et al. 2008) . When overexpressed, Cdc5 was detected at both nuclear and cytoplasmic SPB surfaces using immuno-electron microscopy (Park et al. 2004a ).
In anaphase, Cdc14 promotes the release of Cdc5 from the inner plaque of the mSPB and dSPB (Botchkarev et al. 2017) . Following Cdc5 translocation to the cytoplasm in anaphase (Botchkarev et al. 2014) , Cdc5 localizes to the outer plaque of the dSPB in a Bfa1-dependent manner (Botchkarev et al. 2017 ) and continues to decorate the dSPB until the end of the cell cycle (Botchkarev et al. 2014 (Botchkarev et al. , 2017 Cheng et al. 1998; Maekawa et al. 2007; Shirayama et al. 1998; Song et al. 2000) . Cdc5 localization to the SPBs likely depends on the phosphorylation of its SPB substrates by priming kinases. The cdc5-16 "pincer" mutant, which contains three point mutations in its C-terminal polo-box domain that render it unable to bind phospho-primed substrates (Elia et al. 2003; Ratsima et al. 2011) , cannot localize to the SPBs during mitosis (Botchkarev et al. 2014; Park et al. 2004b; Ratsima et al. 2011) . In the absence of SPB components Cnm67, Nud1, and Bbp1, Cdc5 becomes partially re-localized away from the SPBs (Park et al. 2004a, b) .
Cdc5 localizes to the bud neck during G2 (Sakchaisri et al. 2004; Song et al. 2000) as well as in anaphase (Botchkarev et al. 2014; Meitinger et al. 2011; Sakchaisri et al. 2004; Song et al. 2000) . Cdc5 localization to the bud neck in anaphase is thought to be required for cytokinesis and regulation of membrane deposition (Lepore et al. 2016; Meitinger et al. 2011) . Cdc5 signal from the bud neck disappears prior to actomyosin ring contraction (Meitinger et al. 2011 ).
Cdc5 functions and regulation after DNA damage
Cdc5 plays important functions in the cellular response to DNA damage events. When a cell suffers from a DNA damage event, the DNA damage response signaling cascade becomes activated (Harrison and Haber 2006) . The main functions of the DNA damage response are to arrest the cell cycle in G2/M phase and to repair the DNA damage event.
If the DNA damage cannot be repaired, after a prolonged G2/M arrest, the cells can resume their cell cycle progression and continue dividing in the presence of the DNA damage. This event is termed adaptation.
The first hint that Cdc5 is involved in regulating the DNA damage checkpoint came from the discovery that an L251W point mutant of Cdc5, termed cdc5-ad, is defective in adaptation to DNA damage (Toczyski et al. 1997) . Upon DNA damage, cells expressing cdc5-ad remain permanently arrested as dumbbell cells and exhibit a continued hyperphosphorylation of Rad53, a measure of an activated DNA damage checkpoint (Pellicioli et al. 2001) . The cdc5-ad mutation is not simply loss of function of Cdc5, because it retains kinase activity (Rawal et al. 2016 ) and co-expression of Cdc5 and cdc5-ad in diploid cells does not fully suppress the cdc5-ad adaptation defect (Dotiwala et al. 2007; Vidanes et al. 2010) . Therefore, it is highly likely that cdc5-ad is a semi-dominant allele; but its precise role in maintaining G2/M arrest after DNA damage is not clear.
Other work suggests that the DNA damage checkpoint down-regulates Cdc5. The temperature-sensitive cdc13-1 allele triggers DNA damage checkpoint-induced G2/M arrest, by the loss of protection of telomeres (Lin and Zakian 1996; Weinert et al. 1994 ). When Cdc13 is inactivated, Cdc5 has reduced kinase activity compared to nocodazole-induced Targets Cdc5 for degradation G2/M arrest (Cheng et al. 1998; Zhang et al. 2009 ). Rad53 is important to down-regulate Cdc5 kinase activity after DNA damage (Zhang et al. 2009 ), although Cdc5 substrates Swe1 and Scc1 can still be phosphorylated (Ratsima et al. 2016) . But Cdc5 in turn regulates Rad53. Overexpression of Cdc5 significantly shortens DNA damage-induced G2/M arrest and promotes dephosphorylation/inactivation of Rad53 (Donnianni et al. 2010; Vidanes et al. 2010 ). Rad53 dephosphorylation is mediated in part by the Ptc2 and Ptc3 phosphatases (Leroy et al. 2003) , but Cdc5 can still promote Rad53 dephosphorylation in a ptc2∆ ptc3∆ strain (Vidanes et al. 2010) . It is possible that Cdc5 acts through the PP4 phosphatase, Pph3, which also regulates Rad53 (O'Neill et al. 2007 ). Cdc5 accumulates in the nucleus after DNA damage in cdc13-1. Bypassing DNA damage-induced G2/M arrest by inactivating Rad53 is sufficient to reduce the nuclear localization of Cdc5 and increase the phosphorylation of Cdc5's cytoplasmic mitotic exit substrate Bfa1 (Valerio-Santiago et al. 2013) . Consistent with this finding, we have shown that Cdc5 localizes to the nuclear surface of SPBs, spatially separated from Bfa1, during DNA damage-induced G2/M arrest (Botchkarev et al. 2017) . Thus, nuclear sequestration of Cdc5 after DNA damage away from its cytoplasmic substrate Bfa1 may be a mechanism that contributes to a prolonged G2/M arrest after DNA damage. A new Cdc5 adaptation-defective mutant was recently identified, cdc5-T238A, which has reduced kinase activity, is defective in SPB localization after an irreparable DSB, and its recruitment to the SPBs correlates with the timing of adaptation (Rawal et al. 2016) . It was also shown that artificial sequestration of Cdc5 to the SPB inner plaque after DNA damage is sufficient to promote adaptation (Ratsima et al. 2016) . It is likely that Cdc5 has important nuclear and cytoplasmic roles in adaptation.
Concluding thoughts
In the four decades since the isolation of the first cdc5 mutant by Lee Hartwell and colleagues (Hartwell et al. 1973) , and in almost three decades since discovery of Polo kinase by Claudio Sunkel and David Glover (1988) , Polo-like kinases have been established as critical multifaceted regulators of cell division in many eukaryotes (Archambault and Glover 2009; Lee et al. 2005) . Looking forward, many more functions and mechanisms of Cdc5 regulation are likely to be uncovered. Since Polo kinases are highly overexpressed in many types of cancer (Degenhardt and Lampkin 2010; Strebhardt and Ullrich 2006) , lessons learned about budding yeast Cdc5 functions and regulation may be applicable to solving cancer problems. In fact, Cdc5 studies have extended to even as far as the involvement of Plk2 in Parkinson's disease (Wang et al. 2012 ). Thus, due to its conservation with higher eukaryotes and simple genetics, the budding yeast remains an excellent model system to study Polo-like kinases, their regulation, and their various functions in many different health and disease contexts.
